At the beginning of the 1970s there seemed little reason to believe that strangeness-conserving neutral currents existed: theoreticians had no pressing need for them and several experiments suggested that they were suppressed if they were present at all. Indeed the two remarkable neutrino experiments that eventually led to their discovery were designed and built for very different purposes, including the search for the vector boson and the investigation of the parton model. In retrospect we know that certain gauge theories (notably the Weinberg-Salam model) predicted that neutral currents exist. But until 't Hooft and Veltman proved that such theories were renormalizable, little effort was made to test the new theories. After the proof the two experimental groups began to reorient their goals to settle an increasingly central issue of physics. Do neutral currents exist? We ask here: What kind of evidence and arguments persuaded the participants that they had before them a real effect and not an artifact of the apparatus~What eventually convinced them that their experiment was over? An answer to these questions requires an examination of the organization of the experiments, the nature of the apparatus, and the previous work of the experimentalists. Finally, some general observations are made about the recent evolution of experimental physics.
To understand how the evidence became convincing to the experimentalists we shall need to situate the experiment in the context in which it was planned and built.
We need to know something of the experimental and theoretical assumptions held by the physicists involved. Finally, we must trace not only the positive results obtained, but also the myriad of false leads and technical difficulties that arose in the course of the work. In this sense the study will be historical, unlike the excellent and comprehensive review articles that have appeared such as Baltay (1979) , Cline and Fry (1977) , Cundy (1974) , Faissner (1979) , Kim et al. (1981 ),Mann (1977 , Myatt (1974) , and Rousset (1974) .
I. INTRODUCTION
The blessing and curse of Fermi's (1934) 2. Neutral-current event. Spark-chamber photographs from E1A like this one depicted a right-moving neutrino that collide at the arrow's end with a hadron At first it was suspected that the neutrino changed charge to become a muon that escaped at a large angle. The event therefore would appear to have produced only hadrons. Later many events like this one were understood to be neutral-current events in which the neutrino scattered elastically from a hadron creating a right-moving hadronic shower.
was published, it was almost axiomatic to assume that weak currents were charged. VirtuaHy every text on weak interactions would begin with this assumption and a discussion of the hypothesis that all weak interactions could be described as a product of two currents, JI' J" in which the charge changed in both of them.
"It is a remarkable fact, " one author wrote in 1964, "without known exception that the two leptons in a weak current always consist of a charged and a neutral particle. . .this could only imply that neutral (weak) currents must be absent" (Feinberg, 1964, p. 282 G. Bernardini (1966) (1969, p. 319 ) included a section entitled, "Absence of Neutral Lepton Currents, " in which they concluded that results similar to those just mentioned "support the absence of neutral lepton (or at least neutrino) current(s). . . . " As late as 1973, E. Commins contended, "purely leptonic weak interactions are forbidden by the selection rule no neutral currents" (Commins, 1973, p. 235) .
So things stood at the end of the 1960s. Occasionally a new lower limit on a neutral-current decay process would be published, pounding one more nail into the neutral current's coffin. From time to time an experimental proposal would be made to search for neutral currents in scattering processes, with the goal of testing higher-order corrections to the current-current theory, but neutral currents appeared to be ruled out in first order experimentally, and the theorists had no pressing need for them.
By the early 1970s however, the virtue of Fermi Among the planned searches for the 8' were the two high-energy neutrino experiments that eventually led to the discovery of neutral currents. This is not to imply that neutral currents were an important original motivation for the experiment -they were not. Of course with hindsight the now "standard" spontaneously broken gauge theory of S. Weinberg (1967) and A. Salam (1968) could have provided the original motivation for the neutrino experiments; in fact their influence was exerted only several years later.
Gauge theories are based on this idea: One starts with a simple Lagrangian of matter but demands that the cornplete Lagrangian be invariant under some continuous symmetry transformation.
To enforce this demand, extra fields ("gauge fields" ) need to be added. These gauge fields are interpreted as the fields of the intermediate force-carrying particles. For example, in quantum electrodynamics, the matter field could be the electron, while the symmetry demanded is that the complete Lagrangian be invariant under a local charge of phase: g~e'e'"'g.
Wonderfully, the gauge field that when added makes the Lagrangian invariant is just that of the photon.
In the theory of Weinberg and Salam, the more general symmetry of SU(2)L 13|U(1) is postulated, and the gauge fields required are a singlet B and triplet 8",S', 8' . Unfortunately, the gauge symmetry forbids giving an explicit mass to these W particles, and the main point of introducing them was to make them massive. To circumvent the difficulty, a scalar potential is added to the Lagrangian. The potential is chosen to have a form that, while originally symmetric, spontaneously falls into its lowest energy field configuration, thus breaking the gauge symmetry.
In doing so it gives rise to mass terms for three of the gauge fields. These now massive fields are called 8'+, 8', and Z; the fourth particle, the photon, remains massless (Abers and Lee, 1973 ).
The Z is neutral. It follows immediately from the Weinberg-Salam theory that previously ignored or forbidden processes, such as the one shown in Fig. 7 , should occur at a rate commensurate with charged-current interactions. Until 't Hooft (1971a) By the time the experiments to be discussed here were completed, they had helped bring the Weinberg-Salam theory to the center of the physics community's attention.
More generally, the experimental results precipitated a shift of particle physics away from an assemblage of heuristic and phenomenological techniques to a fieldtheoretical description not only of the electroweak interaction but of hadrons as well. As one recent reviewer of the subject commented, we now have "a real theory of weak interactions, approaching Maxwell's theory of elec- tromagnetism" (Taylor, 1976 point of view, the theoretical interests were woven together concisely into a broad experimental program outlined by M. Schwartz (1960) and by T. D. Lee and C. N. Yang (1960a) (Kabir, 1963) .
In their own work on the 8'published that same year, Lee and Yang (1960b) (Musset, 1982 Lee (1972b) (Sullivan et al. , 1980 Bingham et al. (1963) . In an appended conclusion, J. S. Bell, J. 1. @vseth, and M. Veltman (1963) wrote, "Thus the ratio of neutral-current elastic events is less than about 3%. Clearly neutral lepton currents cannot be admitted on a symmetrical basis with the charged. " See also M. M. Block et al. (1964) (Baltay et al. , 1972a) . Before the meeting in Paris, the organizers requested that photographs of all neutral-current "candidates" be sent ahead to CERN. By doing so, the authors of the memorandum hoped to standardize the criteria used to separate charged from neutral events. The data cards would be processed in order to plot energy of the events against the total longitudinal and transverse momenta, as well as against position.
From these data the group hoped to get a first glimpse of the background problem with some statistical significance. Changing the strategy employed in Pullia's report, the hadron group now dropped the search for the relatively rare pion-producing events. Instead they now chose to determine the much larger total (inclusive) cross section for v& +Ã~v"+(hadrons).
Along with the proposal for a meeting, the first memorandum dealing purely with the subject of neutral current was issued (Baltay et a/. , 1972b) . At the very beginning of this report, the group noted that their best chance of isolating the neutrino from neutron interactions would be at high energies (the neutron spectrum was peaked below that of the neutrinos). By this time, then, the hadronic group's effort was entirely concentrated on the background problem, which they described as fivefold.
(1) particles entering the chamber with the beam and which interact in the chamber; (2) neutrons or kaons coming from outside the chamber generated by neutrinos; (3) cosmic rays; (4) p 's sufficiently slow to stop in the liquid; (5) K2 's whose interaction length might be greatly extended by regeneration effects.
Not everyone in the group was equally worried about all of these problems. For instance, Fry was especially concerned about the possibility of E2 regeneration, no one was especially worried about cosmic rays, and everyone was interested in the slow muon and neutron problem.
The authors argued that the problem of stopping muons (which, because they stop in the bubble chamber, look like hadrons) could be attacked in several ways. Their number could be estimated from the scaling hypothesis, but this was considered a bit tenuous since the center-of-mass hadron energies were much higher than those studied at SLAC. All short unidentifiable tracks could be discarded, or, finally, an upper limit to the number of "hidden p contamination" could be set as follows.
The muon spectrum had been measured in the liquid as had been the decay rate. From these facts, the number of muons below a certain energy in Gargamelle could be calculated. Then from the theoretical ratio (of muon capture to muon decays) the number of muons captured below a certain energy could be found.
Lastly, the group set up a standardized system for recording neutral-current candidates. At least one physicist would review each event, and bit by bit the data would be assembled in preparation for Batavia. At Batavia, Perkins (1972a) It would seem that the division in the Cxargamelle collaboration, which many of the members recalled very vividly (Musset, 1980; Vialle, 1980; Cundy, 1980 This was not the most reliable check, but there were at the time very few associated events to study. This was because, as the group had pushed up the minimum required energy of the hadrons (in order to exclude neutron-induced events which tended to have lower energy), they eliminated the vast majority of their data. The cutoff especially reduced the number of associated events. They therefore had to rely entirely on the spatial distribution of events. (See Fig. 9.) By this time the data were beginning to indicate that neutrons were not sufficient to account for all the neutral-current candidates, but the group was not confident enough to phrase their results in any terms but an upper bound on the ratio of neutral to charged events (Musset, 1980 found" (Cundy, 1973 (Rousset, 1973b) . Some years before a graduate student, E. Young (1967) But even when computer simulations were undertaken, the neutron background could account for no more than 20% of the excess of NC events (Rousset, 1973 (Rousset, , 1974 However, the final argument not to delay publication any longer had little to do with the physics at Gargamelle. In early July, Carlo Rubbia, who also held a position at CERN, let it be known that the FNAL group was close on Cxargamelle's heels. According to many of the participants, this tipped the already tilting balance, and the decision to publish was made. Not everyone was entirely happy with the arguments presented in the final draft, 5cundy, for instance, did not feel the paper was sufficiently convincing at that time. (Cundy interview, 1980; Musset interview, 1980; Vialle interview, 1980 .) but they believed they had the background under control.
On 19 July 1973, Musset gave a seminar at CERN announcing the discovery; four days later, on 23 July, the paper was sent to Physics Letters (Hasert et al. , 1973b) . The single-electron paper was received on 2 July 1973 (Hasert et al. , 1973a Soon, the E1A collaboration decided to do the search; it fit in with some of their earlier interests and seemed possible without extensive modification of the apparatus. It also added yet another reason for the steering committee at FNAL to choose E1A, as they were quick to point out (Benvenuti et al. , 1972) Fig. 2 , at the beginning of this essay). Much later these were taken to be photographs of a process including weak neutral currents. But at the time at least some members of the group saw them quite differently. Mann (1980) later commented in an interview:
You can say, well, we came to the conclusion immediately that we had seen meak neutral currents. But you' d be suprised, that was the last conclusion we came to.
Our first conclusion was that we mere making some mistake and that these muons were somehow escaping the apparatus or being missed by us in some way and that no effect of that magnitude could exist.
It must be reemphasized that Cline and Mann, independently (Beier et al. , 1972) , had conducted precise measurements to show that neutral currents in kaon decay did not exist in some channels above one part in a million. As (Myatt, 1974) , and he agreed to read a brief handwritten report that had been handed to him by members of the HWPF collaboration.
After the talk, Myatt was asked how these results of CERN and FNAL could be reconciled with the low limits on strangeness-changing neutral currents in X and X de- cays. "That, " he responded, "is a major obstacle to the %'einberg-type theories. " This exchange is important because it makes it clear that even after the existence of neutral currents was being established, the charm hypothesis was not widely accepted, even among the participants in the neutral-current search.
In Aix-en-Provence the representatives of Gargamelle and E1A reassembled during the week of 6 -12 September 1973 to discuss their results. Again Musset insisted that the evidence from the compatibility of v and v events, constancy of NC/CC over a range of energy, and the general similarity in the hadronic showers in NC and CC events all conspired to suggest neutral currents were present (Musset, 1974) . Weinberg (1973) It is certainly too early to conclude that the old model of leptons is really correct. However, there is now ai last the shadow of a suspicion that something like an SU(2)U(1) model, with sin 8 of order 0.3, may not be so far from the truth" (Weinberg, 1973, p. 47 ).
Thus encouraged, by late summer after the conferences it seemed to the Harvard group that the experiment had accomplished its primary goal.
At FNAL, however, it was just beginning. Four circumstances contributed to a certain distrust Cline and Mann felt about the paper submitted to I'hyscah ReUiem L,etters. First, the 400-GeV data reduced at Madison indicated R very low ratio of neutral to charged currents.
Second, Cline at least came to the experiment having repeatedly set extremely low limits on neutral-current processes in the kaon decays. Not unreasonably, he expected in the summer of 1973 to place yet another low upper bound on the neutral currents. Given the uncertainty in the use of the new apparatus, in addition to the wideRngle muon problem, it was natural that he sought a further check on the new results. Finally, Mann felt that the whole experiment could be redone rapidly in a much improved way. As a result, the full attention Of Cline, Mann, and the others at FNAL was devoted to the rearrangernent of the detector. For the Inoment, believing the conference reports to be a sufficient description of their work, they put the paper on the back burner. 
BEAM
The main improvement Cline and Mann sought to make was to move a counter in the muon spectrometer closer to the calorimeter to catch more of the wide-angle muons. (See Fig. 18 .) In addition, they replaced the spark chambers with larger ones, which also improved the angular acceptance of ihe muon spectrometer. The price they had to pay for these changes at the time did not seem high; they were forced to introduce a new, 13-inch-thick steel shield to separate the calorimeter from spark chamber 4, which then could serve as a wide-angle muon detector. This shield, plus the downstream sections of the calorimeter, would presumably stop the hadrons formed in the upstream part of the calorimeter from penetrating into the spectrometer and thus impersonating muons.
Previously, this function had been served by a much thicker (4-foot) iron slab that had come before the first counter in the spectrometer. But now with the steel slab wedged before the last spark chamber, the slab needed to be thinner to allow the last spark chamber to be close enough to the calorimeter to catch the wide-angle muons. Cline (1973a) Fig. 19.) Because the experimenters had not compensated adequately for the punchthrough, the neutral-current signal seemed to vanish. The reason precise predictions could not be calculated for the hadron punchthrough is related to the reason the Gargamelle group was having such a hard time calculating the neutron interaction length: both problems involved the passage through matter of strongly interacting particles. Strong interactions presented a much more difficult problem than the well-understood electromagnetic interactions involved, for instance, in a muon's passage through matter. Compounding the problem was the absence of good data on the energy and momentum distribution of the hadrons being produced. This was the first observation of high-energy neutrino reactions; and the composition of the reaction products had not been studied at all. Since punchthrough had not been a dominant problem during the earlier experiment, it was not at first realized that the thinner shield made it a serious one now.
In part, this was because the FNAL group ai this point was still looking for single unambiguous events, the kind of "gold-plated events" that Cline had successfully used before in his bubble-chamber work to set very low limits on neutral-current processes in kaon decay. In this respect his approach was similar to that of the electron group at CERN. It was therefore natural for him to continue to look in E1A for the same type of argument. In the same memorandum, Cline took the vertex reconstruction and other information from the data tapes to examine a single event, dead center in the fiducial volume, which had survived both position and energy cuts. (See Fig. 20 .) "It is amusing, " Cline (1973a) One corollary of this style of work (in which one. searched for "shining examples" ) was that Cline was not especially confident in the statistical approach on which the initia1 paper was based (Cline, 1981 Fig. 21 .) The abstract read in part as follows:
The ratio of muonless events to events with muons is observed to be 0.05+0.05 for the specific case of an enriched antineutrino
beam. This appears to be in disagreement with recent observations made at CERN and with the predictions of the %"einberg model.
There was some division in the FNAL group over the question of how and when the new results should be released. Mann (1980) (Musset, 1980; Rousset, 1980) . By this time, the Gargamelle group had, of course, already published their result that neutral currents did exist; naturally, they were somewhat distressed.
Jentschke, then Director General of CERN, convoked a meeting of the Gargamelle group to cross-examine them on the experiment; he was afraid that CERN would be publicly embarrassed by the forthcoming American announcement. The Gargamelle group, however, would not back down. Still, they were shaken (Rousset, 1980 (Musset and Vialle, 1973) .
At the National Accelerator Laboratory, not only Imlay, but Aubert, Ling, and Sulak were working on the punchthrough problem nearly full time. Preliminary results indicated that the punchthrough was higher than at first thought (Imlay, 1973a In the future, it will undoubtedly be for these and similar diagrams that the work of E1A will be remembered. Indeed, with this paper, the first chapter of the discovery of weak neutral currents drew to an end. Further experiments were performed at many laboratories all over the world to determine the space-time and isotopic spin structure of the currents, but the existence of the currents themselves seemed to be assured. Twice over, the FNAL collaboration had had to struggle through the slow, frustrating task of separating artifact from reality. One participant reflected the general trend of thought in his opening remarks: "The existence of a hadronic neutral current in high-energy neutrino experiments is, by this time, reasonably well established by four 'independent' experiments.
Clearly our next major goal is to determine the symmetry properties" (Sakurai, 1974, p. 57 ). This was also R. P. Feynman Salam and Weinberg) " (Feynman, 1974, p. 299) . (Barish, 1974, p. IV-113) . Other preliminary, but positive results came from the Argonne-Concordia-Purdue 12-foot bubble-chamber experiment (Schreiner, 1974) and the Columbia-Illinois-Rockefeller-Brookhaven collaboration (Lee, 1974 In a certain limited sense, the neutral currents were "there" from the start: both FNAL and CERN had photographs they would eventually present as evidence for weak neutral currents. The real work of the experiments, however, was for the collaborators to convince themselves that the photographs were significant and not an artifact induced by the apparatus or environment. %'hat followed was almost a year and a half of a seemingly endless list of internal debates over the tracks and sparks, the acceptance, the efficiency, the neutral background, the muon spectrum, the neutrino flux, the beam purity, the through muons, the fiducial volumes, the cosmic rays, the neutral kaons, and the statistical significance of the results. Many 
